We review the empirical data obtained with our normal-lived Ra control strain of Drosophila and show that this one genome is capable of invoking at least three different responses to external stimuli that induce the animal to express one of three different extended longevity phenotypes, each of which arises from one of three different antagonistic molecular mechanisms of stress resistance. The phenotypes are distinguished by different age-specific mortality patterns. Depending on the selected mechanism, the genome may respond by expressing a delayed onset of senescence (type 1), an increased early survival (type 2), or an increased late survival (type 3) phenotype, suggesting their different demographic effects. We suggest that the different demographic effects stem in part from the differential ability of each selection regime to reallocate the organism's energy from reproduction to somatic maintenance. These data document the complexity of the aging process and argue for a relationship between molecular mechanisms and longevity phenotypes. E used artificial selection to generate long-lived strains of Drosophila , with the eventual goal of comparing them to their normal-lived progenitor strains in order to deduce what processes had been significantly altered and therefore might play an important role in the expression of the extended longevity phenotype (1). We focused our attention on one particular normal-lived wild type of strain, Ra, and have used it in three different types of experiments designed to modulate longevity (2-4), as summarized in the paragraphs that follow. These experiments show that there are multiple ways for this one wild-type organism to live longer. The different experimental procedures somehow allow the organism to selectively express certain molecular mechanisms and not others. The utilization of qualitatively different molecular mechanisms selectively modulates different parts of the adult life stages by altering age-specific mortality patterns. Depending on the selected mechanism, this may lead to a delayed onset of senescence (type 1), an increased early survival (type 2), or an increased late survival (type 3) phenotype, suggesting their different demographic effects. These data argue that aging, far from being simple, is characterized by multiple phenotypes, each of which is the outcome of a set of related mechanisms. Johnson and colleagues (5) analyzed single gene mutants in Caenorhabditis elegans and reached a similar conclusion. Our work extends their conclusion by demonstrating the genomic plasticity of one wild-type strain that, by itself, encompasses most of the extended longevity phenotypes known in the species.
We review the empirical data obtained with our normal-lived Ra control strain of Drosophila and show that this one genome is capable of invoking at least three different responses to external stimuli that induce the animal to express one of three different extended longevity phenotypes, each of which arises from one of three different antagonistic molecular mechanisms of stress resistance. The phenotypes are distinguished by different age-specific mortality patterns. Depending on the selected mechanism, the genome may respond by expressing a delayed onset of senescence (type 1), an increased early survival (type 2), or an increased late survival (type 3) phenotype, suggesting their different demographic effects. We suggest that the different demographic effects stem in part from the differential ability of each selection regime to reallocate the organism's energy from reproduction to somatic maintenance. These data document the complexity of the aging process and argue for a relationship between molecular mechanisms and longevity phenotypes. E used artificial selection to generate long-lived strains of Drosophila , with the eventual goal of comparing them to their normal-lived progenitor strains in order to deduce what processes had been significantly altered and therefore might play an important role in the expression of the extended longevity phenotype (1) . We focused our attention on one particular normal-lived wild type of strain, Ra, and have used it in three different types of experiments designed to modulate longevity (2) (3) (4) , as summarized in the paragraphs that follow. These experiments show that there are multiple ways for this one wild-type organism to live longer. The different experimental procedures somehow allow the organism to selectively express certain molecular mechanisms and not others. The utilization of qualitatively different molecular mechanisms selectively modulates different parts of the adult life stages by altering age-specific mortality patterns. Depending on the selected mechanism, this may lead to a delayed onset of senescence (type 1), an increased early survival (type 2), or an increased late survival (type 3) phenotype, suggesting their different demographic effects. These data argue that aging, far from being simple, is characterized by multiple phenotypes, each of which is the outcome of a set of related mechanisms. Johnson and colleagues (5) analyzed single gene mutants in Caenorhabditis elegans and reached a similar conclusion. Our work extends their conclusion by demonstrating the genomic plasticity of one wild-type strain that, by itself, encompasses most of the extended longevity phenotypes known in the species.
Demographic Aspects of the Weibull Distribution
We base our analysis of these three phenotypes primarily on strain-and age-specific survival and mortality patterns. Pletcher and colleagues (6) have presented a cogent summary of the usefulness of these two parameters (particularly the latter) in the analysis of aging mechanisms. Wilson (7) has shown that survival data may be fitted by different distributions following changes caused by genetic and environmental modification. Vanfleteren and colleagues (8) have demonstrated that fitting survival data to these distributions may provide valuable information used to unravel the mechanisms of aging. Therefore, in our analysis, mechanistic molecular arguments play a secondary role, although they are of great explanatory value in understanding the processes underlying the expression of each phenotype.
The observed survival data and the experimental manipulations that produced them are discussed in detail in the paragraphs that follow. The classic Gompertz model was shown to be incapable of detecting the mortality deceleration observed at advanced ages in most species (9, 10) . As a result, controversial opinions about what models and techniques would adequately represent survival and mortality data in animal experiments were formulated during the past decade. We prefer the Weibull distribution (Figure 1 ) for the fitting of survival patterns. This model allows mortality increases to weaken at advanced ages, thus yielding a better curve fitting of the experimental survival experimental data than does the Gompertz function (8) . To show that the Weibull model is a reasonable model for the survival data, we compare it with other well-known approximations. The results of the comparison confirm the premise (see the Appendix for details).
The Weibull survival is described by a distribution
with two parameters, a and b, which can be clearly interpreted in demographic terms. An a parameter is a characteristic lifetime of a pattern, namely the age, at which 36.8% of the initial population is still alive. Its value highly correlates with a mean population life span. The other parameter, b , is a shape parameter that defines a relative steepness of a survival pattern at a characteristic age, a . Namely, the steepness at this age is
The experimental data was fitted to the Weibull model by using standard Matlab least-mean-square techniques (11) . The parameters of the Weibull approximations of the survival data for the seven strains are presented in Table 1 . Figure 2 presents both the observed survival data and the Weibull approximations of the experimental data.
The logarithmic mortality patterns directly calculated from the Weibull approximating survival curves are shown in Figure 3 , together with the experimental data. Again the question arises whether this presentation is adequate, and if it gives any advantages in comparison with other wellknown models, especially the Gompertz model. Indeed, the Weibull presentation of logarithmic mortality data does not allow a transparent description of mortality comparable with the widely used Gompertz-based parameters, an intercept and a slope. That is why we combine two models, Weibull and Gompertz (Figures 3 and 4) , in our mortality analysis.
Direct Selection for Delayed Female Fecundity: The Type 1 Phenotype
We produced long-lived strains by using a regime that involved a direct selection for delayed female fecundity and thus an indirect selection for extended longevity (1, 12, 13) . The essential characteristic of the resulting long-lived La strain is that it lives a long time because of a delayed onset of senescence brought about by an early and specific upregulation of the antioxidant defense system (ADS) genes (2, 13, 14) . The delayed onset of senescence is characterized by a large difference in the ages at which the control and experimental strains each show a 10% mortality (LT 10; i.e., 90% survival) (Table 1, Figure 2A ). The long-lived La strain maintains a low age-specific mortality ( Figure 3A ) and thus a high survivability for the first 8 weeks or more of its adult life. By this time, its normal-lived Ra progenitor strain has lost more than half of its cohort. The large difference between the two strains is maintained at the LT 50 and LT 90 ages as well (Table 1 ). There is a large and significant increase in both the mean and the maximum life span of the La strain relative to the Ra strain. A Gompertz model for the mortality data shows that the two types of curves do not differ in the intercepts but have different slopes ( Figure 4A ). A log of the mortality curve generated from the Weibull function generally confirms this finding ( Figure 3A) . Thus, the La strain appears to undergo senescence in the same manner as does the Ra strain; it has simply postponed the onset of the senescent phase by approximately 35 days. This type 1 extended longevity phenotype then is characterized by an early-acting significant delay in the age-specific mortality increase.
The response of the ADS system to this indirect selection regime is not a chance event. We repeated the experiment and generated three other long-lived strains (2La, Lb, and 2Lb) that have similar survival and mortality curves (for 2La, see Figures 2A and 3A) (2, 15) . The repeatability of this phenotype suggests that the animal consistently responds in a particular manner to a specific stimulus, indicating that there are mechanistic linkages between stimulus and phenotype. However, we also know that these several phenotypically identical extended longevity strains are accompanied by significantly different metabolic alterations (16) and different patterns of ADS gene expression (17) . Different organisms may decrease their reactive oxygen species (ROS) load by upregulating different components of their ADS genes, yet still provide comparable overall levels of defense, and thus show comparable age-specific mortality patterns. Phenotypic equivalence does not imply genotypic equivalence.
The type 1 phenotype arises from an early-acting delayed onset of senescence brought about by an upregulation of the ADS (2,13). Reverse selection for normal longevity results in a specific downregulation of the ADS genes (2) . Single gene mutants specifically affecting ADS expression upregulate or downregulate in the appropriate and expected manner (13) . Taken together, these data led us to conclude that there was probably a causal relationship between ADS expression and extended longevity, and that the altered age-specific mortality patterns were likely the outcome of a reallocation of energy from reproduction to somatic maintenance (see the paragraphs that follow). This conclusion derived from our work is consistent with much of the independent research done on Drosophila (18) (19) (20) (21) (22) (23) (24) (25) . However, this type 1 phenotype appears to be induced by other mechanisms as well. It is known that genes that downregulate the insulin-like signaling system (ISS) will yield an apparent type 1 extended longevity phenotype in Drosophila (26, 27) . This presumably comes about because the downregulation of the ISS negatively regulates the forkhead transcription factor, which in turn negatively regulates the ADS genes, among others. Thus a downregulation of the ISS could result in an upregulation of the ADS genes, thereby yielding the same end result as a direct upregulation of the ADS genes. This suggestion is consistent with our own epistasis data on the ISS system in Drosophila , in which Ra animals heterozygous for a mutation in the insulin-like receptor gene ( InR ) express a type 1 extended longevity phenotype (28) . It has been shown that feeding a particular drug (4-phenybutyrate) to Drosophila can also induce an apparent type 1 phenotype, presumably by inducing the overexpression of superoxide dismutase (SOD) and other genes (29) .
Type 1 phenotypes are noted in other organisms. Mice with single gene mutations affecting the hypothalamuspituitary axis have both survival and mortality data characteristic of a type 1 phenotype (30) . SOD/catalase (CAT) mimetics are known to yield a type 1 phenotype in C. elegans (31) . Although the molecular mechanism(s) underlying the effects of caloric restriction is not yet definitively known, the physiological and molecular similarities between caloric restriction effects and the operation of the ISS genes in C. elegans are such as to make it very plausible that caloric restriction works through the ISS genes in mammals as well, and this has been formally suggested by Lane (32) . However, the diversity of strain-specific responses to caloric restriction in mammals makes it difficult to determine whether a type 1 phenotype is being expressed or not (33) (34) (35) .
The type 1 phenotype is the only one of the three phenotypes identified here to involve the delayed onset of senescence with its concomitant increase in both mean and maximum longevities. It is most likely this phenotype that lay Figure 2 . A , Survival curves of the normal-lived Ra strain and of two long-lived strains (La and 2La) sequentially derived from it by a direct selection for delayed female fecundity. The data points represent the observed survival data and are based on the age-specific values obtained from two or three replicate cohorts consisting of at least 250 mixed-sex individuals each. The Ra, La, and 2La curves are significantly different (log-rank test ϭ 530.16, df ϭ 2, p Ͻ .0001). See Arking and colleagues (2) for experimental details. The continuous lines are the Weibull approximations, with the parameters presented in Table 1 , of the empirical data. Note that the control and experimental curves have different characteristic ages and slopes at these ages. B , Survival curves of the normal-lived Ra strain and the paraquat-resistant strain selected from it by direct selection for paraquat resistance. The data points represent the observed survival data and are based on the age-specific values obtained from mixedsex cohorts of 250-450 animals each. The two curves are significantly different (log-rank test ϭ 24.76, df ϭ 1, p Ͻ .00005). See Vettraino and colleagues (3) for experimental details. The continuous lines are the Weibull approximations, with the parameters presented in Table  1 , of the empirical data. Note that the slopes of the two survival curves at their characteristic ages (43.12 and 49.78 days) are very close to each other ( Ϫ 0.0338 and Ϫ 0.0390). C , Survival curves of the normal-lived Ra control strain and the longer-lived Ra heat-treated strain. The animals were subjected to a nonlethal heat shock (37 Њ C for 90 minutes) early in life at days 5-7 after eclosion. They were then maintained under controlled optimal conditions and their survival was monitored. The two curves are significantly different (logrank test ϭ 17.84, df ϭ 1, p Ͻ .00005). See Kuether and Arking (4) for experimental details. The continuous lines are the Weibull approximations with the parameters presented in authors have in mind when they write about genetically altering the aging process. There does not yet seem to be any obvious human homologue to this particular longevity phenotype, even though it is well known in model systems.
Direct Selection for Paraquat Resistance: The Type 2 Phenotype
Given our success with the indirect selection strategy, which gave rise to the La strain, it seemed plausible that it should be also possible to directly select for enhanced antioxidant resistance and indirectly for long life. In view of our prior demonstration that the animal's resistance to exogenous paraquat is an excellent predictor of its antioxidant activity (36) and in view of the fact that the paraquat test is very robust and repeatable, we used the animals' resistance to exogenous paraquat as the direct selection device (3). Using the same Ra strain, we selected them over 24 generations for increased resistance to paraquat (PQR). Selection was successful, with the PQR flies having a fourfold increase in their ability to resist paraquat. Their extended longevity pattern differs from that of the La strain in that they show no sign of a delayed onset of senescence ( Figure 2B and Table 1 ). The PQR flies differ from their progenitor Ra strain only in the fact that the PQR flies have a better early survival (95% vs 91% at 20 days). This enhanced early survival gives rise to moderate but significantly enhanced LT 50 and LT 90 values ( Table 1 ). The increased longevity does not appear to arise from any fundamental alteration in aging processes such as are seen in the type 1 phenotype. It most likely arises as a simple consequence of the decreased early deaths and the subsequently larger than normal number of organisms entering middle age. The age-specific mortality pattern is quite similar in both strains, with the PQR strain being characterized by a lower mortality rate that begins in early life and continues thereafter ( Figure  2B ). A Gompertz model for the mortality data shows that the two curves have different intercepts but similar slopes (see Figure 4B for details). A log of the mortality curve generated from the Weibull function ( Figure 3A ) confirms that the difference existing between the two curves at early ages vanishes at the advanced ones. Thus, it represents an earlyacting decrease in the rate of aging that is, however, not maintained into mid-life or late life. The decreased earlylife risk results in increases in both the mean and the maximum life span, which are, however, significantly less than those noted in the type 1 phenotype. We term this early-survival-dependent longevity as a type 2 longevity phenotype.
The PQR animals have a lower level of ADS activity and an increased total P450 enzyme activity level relative to controls (3). This pattern of molecular changes is quite different from that observed in the ADS and ISS mutants. We interpret these findings as suggesting that the activation of different molecular mechanisms (i.e., ADS vs P450) during the same (early) phase of the adult life cycle may nonetheless generate different types of extended longevity phenotypes. We suggest in the paragraphs that follow that this might be related to their different effect on energy metabolism.
One example of a human homologue to the type 2 phenotype is the change in the U.S. white female population be- Figure 3 . A, Age-specific logarithmic mortality curves of the normal-lived Ra strain and of two long-lived strains (La and 2La) sequentially derived from it by a direct selection for delayed female fecundity. The data points represent the Weibull approximations and the continuous lines are calculated from the fitted Weibull approximations shown in Figure 2A . Note the long delay in the onset of mortality. B, Age-specific mortality curves of the normal-lived Ra strain and the paraquat-resistant strain selected from it by direct selection for paraquat resistance. The data points represent the Weibull approximations and the continuous lines are calculated from the fitted Weibull approximations shown in Figure 2B . A difference between the mortality curves exists mostly at early ages but vanishes with advancing age. C, Age-specific mortality curves of the normal-lived Ra control strain and the longer-lived Ra heat-treated strain. The animals were subjected to a nonlethal heat shock (37ЊC for 90 minutes) early in life at days 5-7 after eclosion. They were then maintained under controlled optimal conditions and their survival was monitored. The data points represent the Weibull approximations and the continuous lines are calculated from the fitted Weibull approximations shown in Figure 2C . The mortality curves are identical at early and middle ages but diverge with advancing age. tween 1900 and 1960, which was due almost entirely to the reduction of premature (early) mortality (37) . Another example would be the reduced early mortality and increased mean life span that is characteristic of exercising humans versus their sedentary controls (38) .
Nonlethal Heat Shock and Hormesis: The Type 3 Phenotype
It has been demonstrated in several animal models that a brief nonlethal application of high temperature is capable of inducing an increased longevity (39) (40) , possibly by means of an ADS-dependent increase in the expression of the heatshock protein (Hsp) genes (41) (42) (43) (44) . In fact, there is substantial evidence showing that exposure of Drosophila to low doses of a wide variety of environmental insults can significantly increase their longevity (45) (46) (47) .
Using the Ra strain, we have demonstrated that a nonlethal heat shock early in adult life causes a significant extension in the life span of the treated animals (4). The data in Figure 2C and Table 1 show that the LT 10 and LT 50 values of the control and treated Ra lines are statistically identical, but that the LT 90 values are significantly different. We constantly observed such advanced-age divergence in survival patterns in heat-shock experiments (not presented). This divergence can be explained as a result of a slight mortality decrease in the middle-age interval (approximately 35-50 days), which is hard to observe and evaluate in mortality patterns. A log of the mortality curves generated from the Weibull function plotted for the data of Figure 2C also show that the difference between the two curves arises at advanced ages ( Figure 3C ). Summarizing the results presented in Figures 2C, 3C , and 4C, we hypothesize that this form of extended longevity is not marked by a delayed onset of senescence as is characteristic of the type 1 phenotype, nor is it distinguished by an enhanced early survival, as is characteristic of the type 2 phenotype. It is characterized by an increase in late-life survival (although the Gompertz analysis does not confirm this observation clearly, because, the confidence intervals overlap; see Figure 4C ), and it thus constitutes a different extended longevity phenotype, which we term a type 3 longevity phenotype. Thus, this phenotype arises from an increased late survival, probably arising from a hormetic effect of Hsp or ADS gene expression on presently unknown but presumably critical systems of the organism (39, 42, 43) . The effect of mild heat shock on longevity has been well studied in Drosophila and C. elegans , and the available information suggests that mild stress induces the accumulation of stress response proteins, such as molecular chaperones, that retard late aging (43, 47) . The increased longevity does not seem to arise from a fundamen- tal alteration of the aging processes such as are seen in the type 1 phenotype, but rather from a slowing down of the late-life age-specific mortality.
A human homologue to the type 3 phenotype is the change in the U.S. white female population between 1960 and 1980, which was due almost entirely to the reduction of late-life mortality (37) . Another human example would be the enhanced late survival of centenarians, caused by their compression of morbidity, relative to their control populations as studied by Perls and his colleagues (48, 49) . A genetically based human example would be the enhanced late life survival of klotho FV heterozygotes (50) .
EXTENDED LONGEVITY, STRESS RESISTANCE, AND ENERGY ALLOCATIONS
The disposable soma theory suggests that the manner in which organisms apportion their available energy into reproduction and somatic maintenance will have consequences on their longevity and fecundity (51) . We used our empirical data on mean-population longevity, age-related fecundity, and patterns of oxygen consumption and subjected it to mathematical modeling so as to determine if the observed pattern of these traits is close to those theoretically expected by various optimality theories (52) . By describing these traits in terms of the ratio of the oxygen consumption spent on reproduction to that spent on maintenance, we were able to calculate the metabolic reproductive efficiency (MRE). We found that the traits experimentally observed in the Ra strain can be regarded as being very close to the theoretically predicted optimum. Thus we have a confirmed theoretical basis for analyzing these animals in terms of energy allocations and MRE. Recent papers illustrating the intimate role of the reproductive system in bringing about certain of these allocations present a possible mechanism (53-55), but they do not otherwise disturb our view of the MRE as an evolutionary constraint in the Ra female flies.
The data to support the empirical application of this concept to the ability of the Ra strain to express the type 1 longevity phenotype in response to selection is presented in more detail in Buck and Arking (17) , whereas a detailed analysis of the energy shifts required to generate an extended longevity phenotype is presented in Arking and colleagues (56) . In summary, the latter paper demonstrates the existence of metabolic and mitochondrial differences between normal-and long-lived organisms, and it presents data supporting the observation that the animals selected for extended longevity are both more fecund and longer lived than their progenitor control animals. A revised interpretation, made on the basis of new data, of the events underlying the selection process indicates that there is a two-step change in energy allocations leading to the type 1 phenotype. Initial selection first allows the upregulation of the ADS genes and a shift to the use of the pentose shunt, which is later followed by alterations in mitochondrial fatty acid composition and other changes necessary to reduce the leakage of H 2 O 2 from the mitochondria into the cytosol. The recaptured energy available from the latter step is diverted from somatic maintenance back into reproduction, resulting in animals that are both long lived and fecund.
A literature review suggests that the involvement of mitochondrial and antioxidant changes are probably widespread in the expression of the type 1 extended longevity phenotype by various species. However, this does not mean they are universal. The long-lived O strains of Rose are believed to attain their type 1 survival curve by means of a decrease in the rate of aging (6, 57) , not by means of a delay in the onset of senescence as in our La-2La strains. It would be interesting to submit both of these strain sets to a detailed analysis so as to identify the genes and traits associated with each of these two different antiaging strategies. Their characterization might be of general interest because caloric restriction is known to use both strategies to increase life span in different vertebrate and invertebrate species (35) . Direct selection for paraquat resistance yielded a PQR strain with an enhanced detoxification (by means of an enhanced P450 activity), a decreased ADS activity, and a type 2 longevity phenotype. This suggests that the metabolic changes associated with detoxification are not of the sort necessary to bring about a fundamental alteration of energy metabolism. In fact, a detailed comparison of the La metabolic enzyme activity data contained in Table 5 of Arking and colleagues (2) with the PQR metabolic enzyme activity contained in Table 1 of Vettraino and colleagues (3) shows that of the 15 enzymes analyzed, 9 change in qualitatively different directions in the two strains, 5 change in the same direction but have significantly different percent activity changes, and only 1 (phosphoglucomutase) has the same qualitative and quantitative change in both strains. We interpret this post hoc data analysis as strongly supporting the idea that the two different selection regimes imposed on the Ra strain brought about different metabolic alterations, one of which was capable of postponing the age of onset of senescence and inducing the expression of the type 1 extended longevity phenotype; the other was capable only of slowing down the rate of aging. A detailed analysis of all the metabolic changes is presented elsewhere (17) .
The molecular mechanisms underlying the expression of the type 3 longevity phenotype are not known with certainty. However, the probable mechanisms discussed herein are quite different from those operative in the type 1 animals and give no indication that the metabolic differences induced by heat shock are at all similar to those known to occur in the type 1 animals.
Although all three longevity phenotypes involve some form of stress resistance, we believe the data presented here strongly suggest that the basic difference between the type 1 and the type 2 or type 3 phenotypes has to do with the wideranging energy reallocation and metabolic reorganization undergone by the former but not the latter.
USEFULNESS OF MULTIPLE EXTENDED LONGEVITY PHENOTYPES
The important point of these data is that they demonstrate that one wild-type genome can, when subjected to certain selection pressures, yield at least three different extended longevity phenotypes with different demographic effects. This finding shows that there are multiple ways for this one normal-lived organism to live longer, and that it is the nature of the selective pressure applied that triggers the organism's response.
Different patterns of gene expression underlie each particular extended longevity phenotype. All of these genes are known to have homologues in humans. Only two of these phenotypes are known to exist in humans. It seems reasonable to conclude that the failure to induce the type 1 phenotype in humans represents a transient limitation of our knowledge rather than a permanent limitation imposed by human biology. Predictions that the type 1 phenotype will never be expressed in humans may be regarded as personal opinions based on past events rather than on a scientific analysis of future probabilities.
There are at least six other major benefits to be gained from this sorting out and classifying of different extended longevity phenotypes.
First, it will help test the interactions of the molecular mechanisms involved in longevity extension and foster a better understanding of their limitations and advantages. Such hypothesis testing involves two separate questions: first, Are there multiple mechanisms that give rise to each longevity phenotype and do they represent complementary or antagonistic pathways? and second, Are the mechanism(s) involved in one extended longevity phenotype complementary or antagonistic to those involved in another longevity phenotype? We have data that bear on these two points. The type 1 phenotype can be produced in Drosophila by ADS upregulation (2) or by ISS downregulation (26) (27) (28) . Constructing a long-lived ADS animal that is also heterozygous for an InR mutation allows the double mutant animal to live longer than either of its progenitors (28) . But subjecting a type 1 long-lived ADS animal to heat shock (type 3) results in a significant shortening of longevity (4). Thus it tentatively seems as if molecular pathways leading to the same longevity phenotype might be complementary whereas those leading to different longevity phenotypes might be antagonistic. Adaptation to express one particular phenotype seemingly inhibits the ability to express another. These data also imply that the type 2 and type 3 phenotypes cannot be viewed as being mere subsets of the type 1 phenotype, a conclusion that is, of course, confirmed by age-specific mortality patterns (Figures 3 and 4) . Should this preliminary description of pathway relationships be confirmed by future tests, it then might offer an objective means by which to rank certain longevity extension strategies over others.
Second, the phenotypic and genomic plasticity discussed here provides the beginning of a mechanistic basis for the heterogeneity observed in various populations and that is believed to have important implications for longevity and mortality studies (58) . The combination of chance developmental variations (59) with the intrinsic genomic and phenotypic plasticity discussed here might one day explain much of the demographic heterogeneity in longevity and aging (60, 61) .
Third, the conclusions derived from an analysis of single gene mutations in C. elegans are consistent with these conclusions derived from an analysis of selected strains in Drosophila: namely that extended longevity is brought about by genes with characteristic age-specific mortality patterns and thus particular demographic effects on the affected populations. In addition, we point out that the different age-specific mortality patterns likely arise as a result of the Ra genome's heterogeneous response to selection. Only the type 1 longevity phenotype appears to reallocate energy in such a way as to delay the increase in mortality and thus delay senescence. The other two longevity phenotypes arise by means of an age-specific slowdown in the rate of mortality and thus slow the rate of aging. Aging is not a simple or single phenotype.
Fourth, an awareness of the existence of multiple longevity phenotypes may also improve our estimates of the heritability of longevity in humans. Most studies show this to be relatively modest, with a mean value of 0.2-0.3 and rarely exceeding 0.5 (62) . Yet a recent populationwide survey of human longevity found that there were significant reductions in late-life mortality among the offspring of long-lived parents relative to normal-lived parents (48), a finding consistent with a strong hereditary component. Similar findings were reported in a recent mouse study (63) . This apparent contradiction may well be due to the confounding of data from type 1 long-lived families with those of type 2 or type 3 families. Separating the data may also allow us to identify the environmental factors involved in the latter two longevity phenotypes.
Fifth, the organism's different responses to stress yield different types of extended longevity. This conclusion marks a significant modification of the stress theories of longevity (64, 65) , for it both imposes limits on the types of competent mechanisms and offers insight into their nature.
Finally, the recognition that there are multiple extended longevity phenotypes will improve our ability to more accurately forecast future changes in human longevity. Some recent demographic forecasts (9,66) predict limited increases in human longevity. Other nondemographer gerontologists predict much larger increases (67, 68) . Why the discrepancy? Both of the demographers limit their analysis to the type 2 and type 3 extended longevity phenotypes known to exist in the human data. Although prudent, this assumes that the future will be just like the past. This may be too conservative. In contrast, the scientists working with model organisms are making their predictions based on the type 1 phenotypes they observe in their genetically altered organisms but that are presently absent in the human data. This assumes that the laboratory data will be able to be translated directly into human events. This may be too optimistic. Knowing, however, that there are at least three different extended longevity phenotypes with distinctly different molecular underpinnings would enable both sets of investigators to clearly see the limitations of their data and their forecasts.
When our understanding of the molecular mechanisms gets to the point where we can significantly alter mammalian nonhuman aging-and some might argue that such a time is rapidly approaching, such as de Grey and colleagues (69)-then the demographers will have to incorporate the type 1 extended longevity phenotype into their mathematical models, or at least into their more speculative ones. Failure to do so might result in a large disparity between predicted and actual longevities. Given the important public policy implications of these demographic forecasts, it is imperative that they be as accurate as the available data permit so that we may have time to adjust to the coming realities.
To show that the Weibull model is a reasonable one for the survival data, we compared it with three other well-known statistical models. These models are the Gompertz, the two-parameter logistic, and the three-parameter logistic functions. We used a standard mean-square-error technique (11) to fit each one of our survival curves shown in Figure 2 . The typical fitting results are shown in Figure 5 , in which the four models are applied for survival data from a nonlethal heat shock treatment. The six other curves (not presented) yield similar results. The standard errors for all seven cases are given in Table 2 .
It is seen that, on average, the Gompertz model gives the worse results; the best results are from the three-parameter logistic approximation. The Weibull model is the second best. Thus we prefer the Weibull model as it yields a transparent parametric presentation of the survival data (as it is shown in Figure 1 ), whereas the three parameters fitted in three-logistic presentation give no straightforward and understandable information on the survival pattern. Ϫ a) e Ϫkx ]/b}). It is seen that the Gompertz approximation poorly catches both early and late survival, whereas the two-parameter logistic model overestimates heavy-tail survival probability at advanced ages. The Weibull and three-parameter logistic approximations adequately describe the survivals both at early and at late ages. 
